. This molecular-pathological study has provided insight into the pathogenesis of gangliogliomas and associated rare malignant progression. Deciphering the specific genes residing in these chromosomal regions may further our understanding of not only these rare tumors but also the more common gliomas.
both neuronal and glial components coexist, with the glial component usually corresponding to a WHO grade I or II glioma (Kleihues and Cavanee, 2000; Russell and Rubinstein, 1989 ). Rarely will a ganglioglioma undergo malignant transformation in the glial portion of the tumor, with the presence of both a benign and a malignant component being extremely rare. Clonality studies are suggestive of transformation of a common putative neuroglial precursor cell to give rise to a ganglioglioma (Zhu et al., 1997) ; however, whether there is subsequent clonal progression in those benign tumors that will on rare occasion progress to a more malignant tumor is not known. In addition, the genetic alterations that may underlie this initial transformation and subsequent rare progression are also not known. In this study, we used the occasion of a patient presenting with a rare ganglioglioma with an associated malignant component to undertake molecular-pathological correlative studies to gain initial insights into both the issues of clonality and genetic alterations.
Few molecular and cytogenetic studies have been performed on gangliogliomas to date. The molecular studies that have been undertaken mainly involve specific genetic alterations commonly associated with more prevalent glioma subtypes. These include detection of p53 mutations, without epidermal growth factor receptor (EGFR) amplification in benign gangliogliomas (Fukushima et al., 2005; Hayashi et al., 2001) . 3 Another study involved analysis of a ganglioglioma with a malignant component (Kim et al., 2003) , with p53 mutation and loss of p16 expression secondary to methylation detected in the malignant recurrence.
In the current study, we separated a rare low-grade ganglioglioma from a coexisting malignant component by microdissection to undertake specific analysis of known genetic alterations in gliomas. In addition, we used conventional and high-resolution array comparative genomic hybridization (aCGH) analysis to decipher chromosomal regions of loss and/or gain in the two regions of the tumor. We postulated that these chromosomal regions likely harbor genes involved in the transformation of a neuroglial precursor to a ganglioglioma and subsequent malignant progression.
Materials and Methods

Clinical Summary
A 20-year-old healthy woman presented with a threeweek progressive history of headaches, nausea and vomiting, blurry vision, and left-sided paresthesia. Outpatient examination revealed early papilloedema, without any focal or global neurological deficits. While awaiting her imaging studies, the patient's condition acutely deteriorated with a decreased level of consciousness and progressive left hemiparesis (grade 3/5), requiring urgent neurosurgical admission. Emergency CT scan without contrast demonstrated a right frontal-parietal lesion with hemorrhage, edema, and shift (Fig. 1A) . Emergent MRI study revealed a large, multilobulated, contrastenhancing right frontal-parietal lesion with perilesional edema and midline shift, suggestive of a glioblastoma ( Fig. 1B and C) .
Emergent right parasagittal awake craniotomy with stereotaxy guidance, cortical stimulation to localize the primary motor and sensory cortex, and entry through an enlarged and electrically silent gyrus were undertaken for the purpose of diagnosis and debulking. A firm, whitish invasive lesion was initially encountered, which on quick section was designated as a glial neoplasm. Subsequent deeper dissection revealed softer and purplish tumor, quick section of which indicated a highgrade glial tumor intermixed with intratumoral hemorrhage. Radical but subtotal resection of the tumor was undertaken, with intraoperative monitoring of left-side motor function. Macroscopic residual tumor was left posteriorly and laterally to minimize the risk of postoperative motor deficit.
The postoperative course in hospital was complicated by the development of left deep venous calf thrombosis, requiring anticoagulation therapy approximately one week after surgery. Over two weeks, the patient's neurological status improved compared with her preoperative state, with normal cognitive function and almost normal (grade 41/5) power in her left extremity. External beam radiation (5000 cGy in 25 fractions) was administered, with the tumor controlled for approximately 14 months. Upon documented growth of the posterior-lateral residual tumor accompanied by progressive left-sided hemiparesis, temozolomide was recommended. However, the patient and family did not wish to pursue additional therapy, and she died of her disease approximately 18 months after surgery.
Neuropathological Analysis
The specimens isolated from the initial whitish and subsequent deeper purplish components of the tumor were fixed in 10% formalin for paraffin embedding and for routine and detailed neuropathological examination.
Extraction of DNA
Regions of benign and malignant components of the tumor were identified in paraffin sections and separated by microdissection. A large volume of tumor was received, and areas of confluent low-grade and highgrade tumor were readily identified. The isolated portions of the tumor were deparaffinized in three washes of xylene, followed by proteinase K digestion at 37°C for three days and then phenol-chloroform extraction of the DNA (Reifenberger et al., 1996; Zielenska et al., 2004) .
Analysis of p53 and p16/p14
Extracted genomic DNA was evaluated for the presence of mutations in exons 5-8 of the p53 gene using the p53 Mutation Detection Kit (Panomics, Fremont, Calif.). We used 5'CpG island methylation, using methylationspecific PCR to screen for the methylation status of the p16/p14INK4A promoter region, using standard primers. Neuro-oNcology • a p r i L 2 0 0 7
The slides were aged for 2-3 days before denaturation at 70°C in 70% formamide in 23 saline sodium citrate (SSC), followed by dehydration in a series of ethanolwater mixtures. The slides were treated with 0.1 mg/ml proteinase K in 20 mM Tris (pH 7.5)-2 mM calcium chloride before hybridization. The comparative genomic hybridization (CGH) procedure was similar to published standard protocols (Kallioniemi et al., 1992; Pandita et al., 1999; Shridhar et al., 2001) . Twenty images were captured using a Nikon Labophot-2 microscope equipped with an automatic filter wheel and a 83,000 filter set (Chroma, Brattleboro, Vt.) with single bandpass exciter filters for UV/fluorescein isothiocyanate (490 nm), DAPI (360 nm), and rhodamine (570 nm), and the images were analyzed using the QUIPS CGH software, version 3.12 (Vysis, Des Plaines, Ill.). Using this software, the rhodamine-fluorescein isothiocyanate signal ratio is expressed as a red:green ratio, with deviations from a 1:1 ratio indicative of gain or loss of chromosomal material. The lower and upper limits for gain and loss were established by performing control CGH experiments with a well-characterized tumor cell line (IMR32) and DNA derived from male or female normal tissue. On the basis of these findings, 95% confidence intervals for gain and loss were set at 1.20 and 0.80, respectively, with gene amplification defined as gain .1.5 (Pandita et al., 1999; Shridhar et al., 2001) .
HUMARA Assay
As per standard protocols for the human androgen receptor gene (HUMARA) assay Boynton, 1995a, 1995b; Mutter et al., 1995; van Dijk et al., 2002) , isolated DNA was digested for at least 16 hours at 37°C in a mixture containing 5 U of DdeI with or without 25 U of concentrated HhaI. After digestion, 5 ml of the mixture was used for PCR amplification of the HUMARA locus. The PCR mixture contained 300 nmol/liter each of forward and reverse primer, 6% dimethyl sulfoxide, 2.5 mmol/liter dNTP, 1.5 mmol/liter magnesium chloride, and 1.25 U Amplitaq Gold (Applied Biosystems, Foster City, Calif.), in a total reaction mixture of 50 ml. Primer sequences used were forward 5'-CCCCAGGCACCCAGAGGC-3' and reverse 5'-GAGAACCATCCTCACCCTGCT-3', and the PCR conditions were as follows: 7.5 min at 95°C; followed by three rounds of 2.5 min at 95°C, 30 s at 62°C, and 1 min at 71°C; followed by 32 rounds of 45 s at 95°C, 30 s at 62°C, and 1 min at 72°C; followed by a single step of 10 min at 72°C. Following the PCR, the products were analyzed on a 4% gel.
Comparative Genomic Hybridization
Metaphase spreads from normal human lymphocytes were prepared using standard protocols (Dracopoli, 1999) . DNA Labeling and CGH Hybridization. The protocol used was based on published methods for CGH analysis with cDNA glass microarray targets (Pollack et al., 1999) . Briefly, 2 mg each of genomic tumor and normal male reference DNA were labeled by random priming with Cy3-dCTP or Cy5-dCTP (Amersham, Baie D'Urfe, Canada) by use of the Bioprime labeling kit (Invitrogen, Burlington, Canada) in a 50-ml reaction volume containing dATP, dGTP, and dTTP (120 mM each), dCTP (60 mM), and Cy5-dCTP or Cy3-dCTP (60 mM). The Cy3-labeled and Cy5-labeled probes were purified with a Microcon 30 filter (Millipore, Bedford, Mass.) and combined with human Cot-1 DNA (40 mg, Invitrogen), yeast tRNA (100 mg, Invitrogen), and poly(dA-dT) (20 mg; Sigma, Oakville, Canada). The hybridization mixture was concentrated by use of a Microcon 30 filter and reconstituted in 80 ml of 3.43 SSC-0.3% sodium dodecyl sulfate. After denaturation at 100°C for 90 s and a 30-min Cot-1 preannealing step at 37°C, the probes were allowed to hybridize to the microarray surface at 65°C overnight in a humidified chamber. After hybridization, the arrays were washed in 23 SSC-0.03% sodium dodecyl sulfate at 65°C for 5 min, followed by a 5-min wash each with 13 and 0.23 SSC.
Microarray CGH Imaging and Analytical Software.
The microarrays were scanned with the Axon GenePix 4000A confocal scanner, and the intensity of each fluorescence signal was collected separately and quantified with GenePix Pro 3.0 software (Axon Instruments, Union City, Calif.). Experimental variables of individual spot ratios were addressed by use of a sliding-window median normalization method (Beheshti et al., 2003) . This algorithm utilizes a user-determined window of median calculation that is defined as the number of contiguous linear array spots along each chromosome. Starting at the pter of a chromosome, the median value of the intensity ratios of the window of spots normalized is determined. The window subsequently slides a single spot position toward the chromosome qter and repeats the median value determination for the next window. This process is reiterated until the end of the chromosome is reached, and all median values for each window along the chromosome are plotted. For each aCGH profile in this study, a sliding-window size of 15 spots was found to provide the optimal minimization of signalto-noise ratio normalization for determining regions of imbalance. Copy-number gain was assigned when the mean normalization ratio for 10 features mapping to a contiguous genomic region was 1.5. Similarly, genomic loss was assigned when a contiguous gain had a ratio of 0.7.
The software suite used for the analysis included three PC-DOS-based components: normalize, project, and profiler (Beheshti et al., 2003) . The normalize software normalizes quantified Cy5 and Cy3 fluorescence intensities, with or without background subtraction, across the entire array, as well as across individual subgrids. Additionally, preceding normalization, filters are applied to remove spots below user-specified thresholds for fluorescence intensity, foreground-to-background ratio, and/or spot diameter size. Using project, normalized replicates of an experiment, including reverse labeling, can be grouped together as a project. Finally, profiler uses the updated chromosome localization information to generate composite chromosome plots of normalized fluorescence intensity ratios from selected projects, generating images analogous to karyotype profiles from chromosome CGH. Only results for cDNA sequences with known cytoband and megabase position were plotted.
Results
Neuropathological Examination
The superficial whitish, firm tumor corresponded to a WHO grade I ganglioglioma with abundant stromal collagen deposition. This part of the tumor was composed of irregular groups of large multipolar neurons (Fig. 1D , arrow), intermixed with large ( Fig. 1D, arrowhead) and small glial cells. Immunohistochemical characterization demonstrated that both the neuronal and glial cellular elements were present in the benign portion of the ganglioglioma. The large multipolar neurons were neuronal nuclei (NeuN) positive ( Fig. 2A) , contained cytoplasmic chromogranin (Fig. 2B) , and were often binucleate and stained for nestin (Fig. 2C) . The large pleomorphic glial cells were positive for glial fibrillary acid protein (GFAP), S-100 protein, and nestin ( Fig. 2D-F) , whereas smaller stromal cells were negative for GFAP but positive for S-100 and nestin (Fig. 2G-I) . The malignant component of the tumor was composed of confluent areas of small, cytologically malignant cells arranged in a loose myxoid stroma. The malignant cells were negative for GFAP but were variably and strongly positive for S-100 and nestin, respectively (Fig. 2J-L) . MIB1 staining ranged from 9% to 20% in this component of the tumor. We found no morphological evidence of a neuronal population in the malignant component, nor did we detect immunoreactivity for neuron-specific epitopes (including NeuN, synaptophysin, chromogranin, and neurofilament).
p53 Mutation, p16/p14 Methylation, and Clonality Analysis Analysis for alterations in p53, p16, p14, and EGFR status was undertaken in the benign and malignant areas of the tumor. p53 immunoreactivity was negative in both the neuronal and glial elements of the ganglioglioma (Fig. 3A) , but the majority of the nuclei in the malignant component were labeled (Fig. 3B ). p14 and EGFR immunoreactivity was strong in both cellular elements of the ganglioglioma (Fig. 3C and E) but negative in the malignant component ( Fig. 3D and F) . In contrast, p16 expression was readily detected in the benign and malignant areas of the tumor portions of the tumor (Fig. 3G  and H) . p53 mutational analysis of exons 5-8 revealed a band at approximately 800 bp, indicative of Holliday junction formation in exon 7 of the DNA isolated from the malignant component of the tumor (Fig. 4A, lane 7M) . DNA from the benign ganglioglioma did not reveal any mutations in any of the exons analyzed (lanes 7B). The mutational result was consistent with the noted increased p53 immunoreactivity in the malignant portion of the tumor (Fig. 3B) . Methylation-specific PCR analysis did not reveal any deletion or methylation of the p16/p14INK4A promoter region in either the benign or malignant component of the tumor, consistent with the positive p16 staining (Fig. 3G and H) . To test for clonal evolution of the benign and malignant areas of the tumor, the HUMARA assay was used to detect the pattern of X chromosome inactivation using the human androgen receptor gene. The near absence of the higher-molecularweight band (allele A) in both the HhaI-digested benign (lanes marked B) and malignant (lanes marked M) components was indicative of a clonal origin (Fig. 4B) .
Comparative Genomic Hybridization
To screen for additional genetic alterations in the benign and malignant areas of the tumor, we analyzed the microisolated genomic DNA by using CGH. The gan- glioglioma harbored losses on chromosomal regions 1p35-pter and 4p16, whereas a gain was observed on 4q13-28 (Table 1A and Fig. 5A, bars) . The 1X and 2Y were expected internal controls, because the analyzed tumor was from a female and the normal control DNA was male in origin. In comparison, the malignant component did harbor the chromosomal alterations noted in the aforementioned benign areas, which we postulate to contain genes involved in initiation or formation of the benign tumor. In addition to the common alterations, the malignancy-specific chromosomal alterations included loss of 12p13 and all of chromosome 13, while gains were observed on 2q22-31, 6q12-16, 12q13.3-21, and the whole of chromosome 7 (Table 1A and Fig. 5B , bars). We postulate these chromosomal regions harbor genes involved in clonal malignant progression.
Array Comparative Genomic Hybridization
Higher-resolution screening was possible with aCGH (approximately 2-5 Mb) compared with the aforementioned CGH results (approximately 10-20 Mb), using the in-house cDNA 19k6 array. Of the 19,008 spots on the array, data from 18,300 (96%) were used for the analysis, with the rest being discarded because of insufficient quality. Of these 18,300 spots, 7000 were of unknown location on the genome, allowing identification of additional chromosomal alterations not detected by conventional CGH. The majority of the 7000 unknown spots had information regarding the chromosomal origin; however, specific band locations were not available. Similarly, some expressed sequence tags present on the array did not have any chromosomal band specific location. Only the data points that had complete chromosomal information were used for defining genetic alterations.
Alterations in the ganglioglioma as per aCGH were present throughout the genome, with more prevalent losses on chromosomes 9p12, (Table 1B and Fig. 5A, dots) . The malignant component revealed more gains, clustered on chromosomes 1p35-34.2, 2q24. 1-32.3, 3q13.1-13.3, 6q13-16.2, 7q11.2-31.3, 8q21.1-23, 11q12-31, and 12q13.2-21.3 , with some losses on chromosomes 1p, 4q, 6, 13, 15, 17q, and 19q (Table 1B and Fig. 5B, dots) . Chromosomal alterations common to both the benign and malignant components of the tumor, with potential candidate linked genes involved in initiation and formation of the tumor, are listed in Table 2 . Chromosomal alterations unique to only the malignant component, with potential candidate genes involved in the progression of the tumor, are listed in Table 3 .
Discussion
Gangliogliomas are rare benign mixed neuronal and glial tumors of the brain, likely arising from transformation of a neuroglial precursor cell, which on rare occasion progress to a higher-grade glial malignancy (Kim et al., 2003; Kleihues and Cavanee, 2000; Sutton et al., 1983; van Dijk et al., 2002) . A rare presentation of a ganglioglioma with well-defined benign and malignant areas in the same patient provided an excellent opportunity to query whether there is a clonal progression of the tumor to a more malignant form and to further identify the potential genes involved in this progression. A previous report had shown the neuronal and glial components of the tumor to be of clonal origin (Zhu et al., 1997) . Our HUMARA analysis (Fig. 4B) indicated a clonal progression of the benign component to a more malignant form of the tumor. We do, however, appreciate that the cells used for this analysis included not only transformed cells but also a small amount of contaminating nontransformed stromal and bystander cells (approximately 5%-7%), hence the near absence, rather than complete absence, of allele A in the HUMARA assay for clonality (Fig. 4B) . Isolating different cell types by using laser capture microdissection within the tumor would theoretically be helpful in avoiding this contamination, but this was not technologically possible in these samples. However, in further support of the HUMARA results, the common chromosomal alterations between the benign and malignant areas of the tumor illustrated by CGH or aCGH were also indicative of a clonal origin of both components of the tumor (Table 2) .
The genetic events involved in the initiation and formation of gangliogliomas and the rare progression to malignancy are not well known (Fukushima et al., 2005; Kim et al., 2003; Kleihues and Cavanee, 2000) . Genetic alterations prevalent in both the benign and malignant components of the tumor can be postulated to be of relevance toward initiation and formation of the ganglioglioma. Using conventional and high-resolution aCGH, several regions of chromosomal alterations that are common were noted (Table 2 and Fig. 5 ). Some of the candidate genes, such as TP73 and MYCL within these regions, have already been linked to tumor formation, and their role in glial transformation merits additional study. In contrast to these common genetic alterations, those that were unique to the malignant component would likely be involved in progression. Aberrations in cell-cycle regulatory genes are one such group of progression factors, including loss of p14 and p53 mutation, with associated increased p53 immunoreactivity found specifically in the malignant component (Fig. 3) . Loss of p16 expression by direct mutation or promoter methylation has been detected in high-grade gangliogliomas and sporadic glioblastomas (Hulleman and Helin, 2005; Kleihues and Cavanee, 2000; Moulton et al., 1995; Ueki et al., 1996) . In the current study, we did not detect any chromosomal deletion of the 9p21 loci, methylation of the p16/p14INK4A promoter, or loss of p16 expression in the malignant component (Fig. 3) . However, there was loss of chromosomal region 19p13.2, which harbors INK4D or CDKN2D, another cyclin-dependent kinase inhibitor family member. Of interest, although we identified loss of chromosomal regions on 13q by aCGH (Table 3) , this was proximal to the Rb1 locus. These cumulative data do suggest that alterations in a variety of cell-cycle regulatory proteins are involved in 1Xq24, Y NaD NaD abbreviation: NaD, no abnormality detected.
progression of benign ganglioglioma to increased malignancy. Conventional and high-resolution aCGH (approximately 2-5 Mb) revealed additional alterations of chromosomal regions, specifically in the malignant component putatively containing candidate genes involved in progression (Table 3 and Fig. 5 ). We were interested in determining the similarities and differences between alterations found in the malignant component and those described for sporadic glioblastoma multiforme (GBM) (Hui et al., 2001; Kleihues and Cavanee, 2000; Nishizaki et al., 1998; Roversi et al., 2006) , with both being pathologically classified by WHO as grade IV gliomas. The chromosomal regions observed to be common in the malignant component of this ganglioglioma and sporadic GBM included 11p35-34, 13q26-28, 17, 112q13-21, 213q32-34, 215q31, 218q21, 119q, and 222q13. Some common putative candidate genes within these regions are FGR, MYCL, CMET, PIK3CA, MDM2, GLI, and CDK4, with some of these genes already implicated in the GBM biology. However, there were several alterations on chromosomal regions 6q13-16.2, 2q22-31, 17q21, and 11q that were unique to the malignant component of the ganglioglioma and that have not yet been associated with sporadic GBM, although they have been linked to other human cancers (Eclache et al., 2005; Roy et al., 2006; Sakakura et al., 1999; Shadeo and Lam, 2006; Shibata et al., 2005; Uribe et al., 2005) . Specific differences include lack of EGFR amplification or overexpression in the malignant component, which was present in the benign ganglioglioma. Of note, the gain of chromosome 7 by CGH in the malignant component was localized by aCGH to a region harboring genes such as CMET and not the region containing EGFR (Table 3) . This is in contrast to sporadic gliomas, in which aberrations of EGFR expression and activation are the most common gain-of-function alterations in GBM but are not associated with lowgrade gliomas (Kleihues and Cavanee, 2000) . A second specific difference is the mutation and/or loss of expression of PTEN seen in approximately 90% of sporadic GBM, leading to activation of the PI3-kinase signaling pathway (Kleihues and Cavanee, 2000) . Alterations of PTEN or other direct members of the PI3-kinase pathway were not observed in either the low-or high-grade elements of this tumor and have not been previously reported in the literature with these gliomas. In summary, this molecular-pathological study of a rare presenting ganglioglioma with distinct benign and malignant components led to several molecular insights that require further detailed verification studies. Our results are in support of a clonal transformation of a neuroglial precursor cell leading to the formation of the benign ganglioglioma and its subsequent malignant progression, resulting from additional genetic alterations. These genetic alterations include cell-cycle regulatory genes, including p53. Many of these progression alterations are similar to those of sporadic GBM; however, significant differences, such as in EGFR amplification and PTEN loss, exist. Admittedly, these postulates are based on the analysis of a single patient tumor; however, such a detailed study can be highly informative in our overall understanding of the molecular pathogenesis of the diverse tumor types that compose the pathological entity known as glioma. 
